Background: Most studies indicate an inverse relationship between physical activity (PA) and body mass index (BMI). However, the impact of obesity on this relationship is unclear. Objective: To scrutinize the BMI/PA relationship by analysing multiple categories of PA from a sample with a wide BMI range. Design: PA was measured with accelerometry for 7 consecutive days during free-living conditions in 85 severely obese outpatients (mean BMI 42.7 kg/m 2 (s.d. 6.1); age 43.0 year (12.6)) and 193 control subjects (24.0 kg/m 2 (3.5); 41.6 year (13.0)). Six categories of PA were calculated from the accelerometer data (min/day of sedentary time, min/day of light PA, min/ day of moderate PA, min/day of vigorous PA, activity counts/day and steps/day). Participants were stratified in obese and nonobese subgroups (BMI ¼ 30 kg/m 2 as cutoff). Associations between BMI and PA were examined in the total sample, and in subgroups. The impact of sex and age on the BMI/PA association was tested. Results: In the total sample, the association between BMI and PA was significant in all PA categories except for time spent sedentary (P ¼ 0.68). However, in subgroup analyses, the association between BMI and PA in non-obese was only significant for activity counts/day (r ¼ À0.16, Po0.05) and vigorous intensity PA (r ¼ À0.15, P ¼ 0.05). After adjustment for age, vigorous PA remained significantly associated with BMI in the non-obese (r ¼ À0.17, Po0.05). In obese individuals, significant associations between BMI and PA were found for all six PA categories (age adjusted), sedentary time (r ¼ 0.26, P ¼ 0.05), light PA (r ¼ À0.30, Po0.01), moderate PA (r ¼ À0.35, Po0.01), vigorous PA (r ¼ À0.39, Po0.001), activity counts/day (r ¼ À0.50, Po0.001) and steps/day (r ¼ À0.54, Po0.001).
Introduction
Cross-sectional studies generally find an inverse relationship between physical activity (PA) and body mass index (BMI). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] However, previous studies have not included sufficient number of obese people to allow for stratified analyses by obesity status, in multiple categories of PA. This is unfortunate, as it may be particularly revealing to study multiple aspects of the exposure (PA) in people with severe forms of the disease compared to normal-weight people. Analyses of the associations between multiple PA categories (i.e. sedentary time, light PA, moderate PA, vigorous PA, steps/day and total PA) and BMI across a wide range of BMI are important to clarify whether these associations may differ by obesity status.
The development of accelerometers (motion sensors) means that technology for recording objective data on multiple PA categories, including sedentary time, is now available. Objective measurement of PA is important when examining PA in obese people, as they may overestimate their amount of activity by self-report. 13 The aim of this study was to scrutinize the relationship between BMI and PA by comparing six different PA categories (min/day of sedentary time, light, moderate and vigorous PA, activity counts/day and steps/day) stratified by BMI categories (obese and non-obese). We also tested whether sex and age influenced the association between BMI and PA.
Materials and methods

Study population
In order to include subjects with a wide range in BMI, including a substantial part of obese and severely obese individuals, we recruited participants from two sources. The first group consisted of outpatients at the Obesity Unit, Karolinska University Hospital Huddinge, Stockholm, Sweden, about to enroll on a 2-year obesity behaviour modification programme. Invitations to participate were sent to a total of 99 patients, and 89 provided written informed consent. The second group (n ¼ 193) were randomly selected from different workplaces, one student union and by advertisement in a daily newspaper. Workplaces were selected aiming to increase variability in age, sex and education level of the potential respondents. A total of 198 control subjects (93 males) agreed to participate. Fifty-six (29%) of the controls were overweight and nine (4.7%) were obese.
Data collection PA was measured with the MTI accelerometer (formerly CSA) 7164, version 2.2 (Manufacturing Technology Inc., Fort Walton Beach, FL, USA), which has a dual-mode output capacity of activity counts and steps. From the raw data, it is possible to calculate additional categories of PA, related to intensity and volume. The accelerometer was attached to the participant with an elastic belt around the waist that fitted securely against the lower back in the L4/L5 region. The monitors were distributed at the start of the treatment programme at the obesity unit, along with instructions to maintain a normal pattern of PA, and the participants were asked to wear the monitor for the entire day during 1 week. Participants with less than 500 min/day of recorded data for less than 4 of the 7 days, including at least one weekend day, were excluded from further analyses (four obese and seven controls). The pedometer function of the accelerometer was recorded in half of the control subjects (97/193).
In the obese patients, body weight was measured on a calibrated Avery Berkel HL-120 scale (La Porte, IN, USA), in light underwear. Body height was measured in centimetres in an upright position without shoes using a wall-mounted stadiometer. In the control sample, body weight was measured with a portable calibrated scale (Seca) and height with a portable Harpenden stadiometer. The anthropometric measurements were performed at the same time as the PA data collection.
Data reduction
Raw activity counts were processed by a custom-written computer programme (MAHUffe, www.mrc-epid. cam.ac.uk). The calculated PA categories were mean total activity counts/day and mean steps/day. We also calculated the amount of sedentary time (min/day of o100 counts/min/ day), at light PA (100-1208 counts/min/day), at moderate PA (1209-3257 counts/min/day) and at vigorous PA (43257 counts/min/day). Threshold values were derived from a validation study using a treadmill walking protocol in adults with coronary artery disease who had a similar cardiorespiratory fitness to the obese patients in our clinic. 14 
Results
The characteristics of the participants stratified by outpatients and control subgroups are shown in Table 1 . There was no significant difference in age between groups. However, BMI and body weight were significantly higher in the outpatient group (Po0.001 for both). After stratification by obesity status, there was no difference in age (P ¼ 0.31). BMI was significantly higher in the obese compared with the normal-weight individuals (41.7 vs 23.6 kg/m 2 , Po0.001). Time (min/day) spent sedentary did not differ between obese and non-obese (P ¼ 0.67). In contrast, time spent at light, moderate and vigorous intensity of PA were significantly lower in the obese compared to the non-obese (254 vs 276 min/day, P ¼ 0.006; 44 vs 54 min/day, P ¼ 0.001; 3 vs 19 min/day, Po0.001). Similarly, the total volume of PA (activity counts/day) and accumulated steps per day were also significantly lower in obese people (232 002 vs 354 148, Po0.001; 8933 vs 11 671, Po0.001).
We thereafter analysed the associations between BMI and PA stratified by groups (outpatients vs controls). In the control group, significant correlations were observed between BMI and vigorous PA (P ¼ 0.043) and between BMI and total activity counts (P ¼ 0.026), but no significant correlaObesity and the physical activity/BMI association E Hemmingsson and U Ekelund tions were observed for any of the other four PA categories ( Table 2) . In obese outpatients, all categories of PA were significantly associated with BMI (Po0.01), except for light intensity PA (P ¼ 0.054). After stratification by obesity status (i.e. obese vs nonobese subgroups), significant associations between BMI and vigorous intensity PA (P ¼ 0.044) and between BMI and the total volume of PA (counts/day) (P ¼ 0.037) were observed in the non-obese group (Table 3) . In contrast, in the obese subgroup, BMI was significantly associated with PA in all six PA categories (Po0.01 for all). The association between the total volumes of PA (activity counts/day) was attenuated after adjustment for sex and age in the non-obese group (P ¼ 0.10), whereas vigorous PA remained significantly associated with BMI (P ¼ 0.018). After adjustment for sex and age, the association between sedentary time and BMI became significant in the non-obese group (P ¼ 0.011). In the obese subgroup, the associations between BMI and PA were not influenced by adjustment for age and sex (Po0.05). Differences in the associations between BMI and PA in the obese and non-obese subgroups are graphically illustrated in Figures 1 and 2 .
Discussion
We examined the associations between multiple PA categories (four intensity-and two volume-related categories) with BMI in people with a wide variation in BMI, including severely obese individuals. Our results suggest that the association between BMI and PA differed by obesity status. Similar to most previous studies using objective PA assessment techniques, we observed inverse associations between BMI and PA. These relationships were observed for all PA categories, except time spent sedentary, which was unrelated to BMI in the whole sample. However, in stratified subgroup analyses (obese vs non-obese), there were remarkable differences for the associations between BMI and PA in each of the six PA categories, with consistently stronger associations in the obese compared with the non-obese group. For example, BMI explained 24% (R 2 ) of the variation in activity counts/day in the entire sample. In subgroup analyses, BMI explained 21% of the variation in PA in the obese group, but no more than 2% in non-obese group.
There was only a slight trend for PA to be associated with BMI in the non-obese. Indeed, only two out of six PA categories were significantly but weakly correlated to BMI (vigorous PA and activity counts, r ¼ À0.15 and r ¼ À0.16, respectively). Moreover, after adjustment for age and sex, the relationship between BMI and the total amount of activity (counts/day) was attenuated and no longer statistically significant. These findings are consistent with a previous cross-sectional study using objective monitoring of PA with accelerometry. 5 Taken together, this suggests that the crosssectional relationship between PA and BMI is weak or even non-existent in non-obese people. In contrast, in the obese group, BMI was significantly associated with PA for all six PA categories. Adjustment for Obesity and the physical activity/BMI association E Hemmingsson and U Ekelund age or sex did not attenuate these associations. The associations between BMI and PA in the obese was further strengthened by the fact that some of the PA categories analysed were not correlated with each other, such as sedentary time and vigorous intensity PA (P ¼ 0.74).
The differences in the associations between BMI and PA in obese vs non-obese people indicate that obesity may act as a barrier to PA. A recent longitudinal cohort study indeed suggested that obesity preceded low levels of PA, but not the commonly held notion that low levels of PA predicted the development of obesity. 17 Other observations support the hypothesis that obesity acts as a barrier of PA. For example, common self-reported PA barriers among the obese include discomfort, social physique anxiety, musculoskeletal problems, pain, perceived incompetence, breathlessness, urinary incontinence and skin chafing. Indeed, the seemingly straightforward task of walking at a self-selected pace on level ground for 4 min constitutes vigorous intensity PA Obesity and the physical activity/BMI association E Hemmingsson and U Ekelund (470% VO 2max ) for many obese. 14 Taken together, this raise concerns about what constitutes appropriate and effective PA prescriptions for obese people.
In the obese group, we generally noted stronger associations between BMI and PA with increasing intensity. Our data are, therefore, consistent with some previous studies where multiple PA intensities have been analysed in relation to fatness and obesity, indicating a stronger association between fatness and vigorous PA than between sedentary time and obesity. 3, 7, 12 However, some studies indicate that non-exercise activity thermogenesis, that is, small movements throughout the day (light to moderate intensity PA), such as use of labour saving devices, sitting as opposed to standing and standing as opposed to sitting, contribute to weight gain resistance. [18] [19] [20] These seemingly conflicting findings between studies may be explained by differences in PA measurement protocol, intensity cut points or sample differences in the degree of obesity. Longitudinal studies using objectively measured PA with a multiple PA category protocol are needed to establish the direction of association between PA and obesity. Preferably, such studies should collect baseline data before obesity occurs. Furthermore, objective assessment of activity will help in the understanding of which PA categories contribute most to weight gain in categories of non-obese and obese individuals.
There are several limitations that need to be considered when interpreting the results from this study. Firstly, any inference of causality or direction of causality is not possible from a cross-sectional study. Secondly, although we measured PA objectively by accelerometry, PA is a more complex behaviour than can be reflected accurately by accelerometer data. An accelerometer cannot, for example, distinguish between types of PA such as walking, cycling, carrying goods, etc. Moreover, PA with little vertical acceleration of the torso such as cycling is underestimated, as is walking uphill, as ground slope gradients cannot be detected. Furthermore, the intensity cutoff points may not reflect PA intensity in terms of exertion, as weight-relative fitness (VO 2max /kg) is likely to differ between BMI categories. In other terms, moderate intensity movement as defined here (equivalent to a treadmill walking speed of 3.2-4.8 km/h) is likely to require a larger proportion of maximal aerobic capacity in a severely obese person compared to a normal-weight person. Similarly, the perceived exertion is likely to be higher by the degree of obesity for a given physical task.
Potential measurement error includes the possibility that excessive fatness at the accelerometer attachment site induced differences in measurement precision between obese and non-obese. For example, a 151 tilt away from the vertical plane has been found to result in a 6% loss of activity counts during a controlled experiment. 21 Differences in fatness-related tilting may therefore have led to underestimation of PA in the obese, but not in the normal-weight individuals. However, it is unlikely that our main findings were biased due to this. Firstly, the research team individually helped each participant to attach the monitor, which included instruction for avoiding tilting and adjusting the belt to ensure a snug fit. No undue tilting could be observed when the monitor was first attached. Secondly, even if the monitors were tilted due to fatness, it is unlikely that they were tilted more than 151 throughout the measurement period. Thus, our observations cannot entirely be explained by a tilted activity monitor. Obesity and the physical activity/BMI association E Hemmingsson and U Ekelund
Another observation was that compared to other studies, our mean levels of PA were higher than what has normally been observed. One explanation is that, for example, when comparing steps/day, the acceleration cutoff for recording a step is lower in the accelerometer (0.3 g) than the Yamax digiwalker pedometer (0.35 g), which has been used in most pedometer studies. Another explanation is that there may be real differences in PA between countries where studies have been performed (most data come from the US). For example, Swedish adolescents have been found to record more steps/ day than both US and Australian adolescents. 22 Another potential confounder may be that our outpatients are non-representative of severely obese individuals in general. Our outpatients had been referred to a lifestyle modification programme, and may have different attitudes to exercise compared with other severely obese individuals.
The extent that such factors may have influenced our findings is unknown.
Our study also has some advantages. First, the wide span in BMI allowed stratification into obese and non-obese subgroups, including 94 individuals with a BMI430 kg/m . Moreover, the measurement protocol for PA enabled analyses of several categories, some of which were uncorrelated. This helped capture more of the total PA exposure, as opposed to a protocol measuring a single PA variable (e.g. steps/day), and also provided a detailed PA description.
To summarize, in non-obese individuals, PA was only weakly associated with BMI. After adjustment for sex and age, only time spent at vigorous intensity PA was associated with BMI in the non-obese group. In contrast, in obese people, PA was significantly correlated with BMI across all six PA categories. Adjustment for age or sex did not change these associations. Our data therefore suggest that the crosssectional association between PA and BMI is dependent on obesity status. Longitudinal studies are needed to ascertain the direction of associations, including temporal sequence of obesity and PA across BMI categories.
